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ABSTRACT 

Continuous spectrum analysis displays of a number o f  
Apollo 4 (AS-501) and Apollo 6 (AS-502) flight telemetry signals 
have been made at Bell Telephone Laboratories, Inc., t o  explore 
the usefulness of this technique for diagnosis of the unexpect- 
edly large low-frequency longitudinal oscillation (POGO) 
experienced on the Apollo 6 flight. This memorandum describes 
the technique, and presents results from analysis of a selected 
set of Apollo 4 and Apollo 6 measurements. The more interest- 
ing indications from these raw data are: 
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1. Evidence of 5-6 hertz (POGO) in the thrust chamber 

not in Apollo 4. 
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pressure spectra of all engines of Apollo 6, but 14. , 
2. Indication of substantially similar dynamic 2 
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responses in the gimbal block acceleration spectra 
of Apollo 4 and Apollo 6, with almost identical 
frequency-time histories in the 5-6 hertz (POGO) 
region. I 
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u' pressure and gimbal block vibration spectra of 
the Number 5 engine of Apollo 6 at about T+120 - G  Y 
seconds. 0 %  

3. An anomalous indication in the thrust chamber 
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4. Indication of a prominent (structural?) resonance 
in the 18-20 hertz region in the gimbal block *4 

histories in the payloads of Apollo 4 and E-4 
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spectra of both Apollo 4 and Apollo 6. 
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An indication that on Apollo 6, the LTA Y-axis 2 * 
experienced a change in coupling to the vehicle , o n  

evidence a corresponding change. 
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SUBJECT: Spectrum Analysis of Apollo 4 DATE: November 12, 1968 
and Apollo 6 Data - Case 320 

FROM: J. Z. Menard 

MEMORANDUM FOR FILE 

1.0 INTRODUCTION 

A number of Apollo 4 and Apollo 6 flight measurement 
signals have been processed using a real-time spectrum analysis 
and display technique which was developed at Bell Telephone 
Laboratories as an extension of %isible speechtt research and 
has been found to be a powerful aid in the diagnosis of complex 
dynamic processes, such as the behavior of vibrating systems. 
The essential characteristics of the technique are: 

Repetitive measurements of the short-term spectrum 
of the input signal. 

Display of the repetitive series of spectrum measure- 
ments as a time-frequency-density plot to provide a 
time history of the spectrum, in which the frequency, 
bandwidth, and relative magnitudes of the constituent 
components can be seen. 

Optimization of the bandwidth ana time wir;do.;; 
length used for the spectrum measurements to 
accommodate the dynamic characteristics of the 
input signal. 

In principle, the repetitive measurements of the short-term 
spectrum can be made by several approaches which involve 
different implementation but are functionally equivalent for 
this use: 

(a) A bank of narrowband filters with sequentially 

(b) A digital store, with repetitive high-speed non- 

commutated outputs. 

destructive readout, followed by a heterodyne 
swept-filter analyzer. 

(c) A fast Fourier Transform (FFT) analyzer. 
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The time-frequency-density plot can also be generated by several 
methods : 

(a) Using a continuous advance film camera to photograph 
an oscilloscope which has the X-axis synchronized 
to the analysis sweep, and the Z-axis intensity 
modulated by the spectrum level. 

(b) Using a facsimile recorder synchronized to the 
analysis sweep, and modulated by the spectrum level. 

Figure 1 illustrates the stored memory-heterodyne 
analyzer implementation with output options including the 
facsimile recorder, and notes typical parameters which might be 
used for analysis and display of flight data. All of the 
implementations are capable of operating in real time, and can 
provide the time-frequency-density displays and conventional 
power spectrum density X-Y plots at a fraction of the equipment 
and operating cost of obtaining PSD plots alone through use of a 
general purpose computer. 

provides a time history of the input spectrum which facilitates 
recognition of: 

(a) frequency-related components in a signal input, 

The time-frequency-density display of such equipment 

(b) time-related characteristics in a signal input, 

(c) correlated characteristics present in different 
signal inputs. 

This type of display has proven useful in the diagnosis 
of complex phenomena, where it quickly makes apparent relations 
and events which can then be explored by more quantitative but 
less easily interpreted power spectrum density measurements at 
selected time intervals. 

2.0 ANALYSIS RESULTS 

Selected flight telemetry signals from Apollo 4 and 
Apollo 6 were processed at Bell Telephone Laboratories using 
equipment which was designed for a different application. 
improvisation was required to process the flight data, and 
while the results clearly demonstrate the potential of the 

Some 
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t e c h n i q u e ,  i t  i s  p r o b a b l e  t h a t  improvements tcan be made by , 
o p t i m i z i n g  t h e  a n a l y s i s  bandwidth,  the  time window l e n g t h ,  and 
t h e  i n p u t / o u t p u t  t r a n s f e r  c h a r a c t e r i s t i c  of  t h e  system. I n  
p a r t i c u l a r ,  t h e  equipment used a t  B e l l  Telephone L a b o r a t o r i e s  
employs a n  au tomat i c  g a i n  c o n t r o l  des igned  t o  no rma l i ze  t h e  
ave rage  spec t rum a c r o s s  t he  f requency  and time d imens ions ,  and 
t h i s  n e c e s s i t a t e s  c a u t i o n  i n  i n t e r p r e t i n g  r e l a t i v e  spec t rum 
l e v e l s  a t  p o i n t s  which are widely s e p a r a t e d  i n  time o r  f r equency .  
F o r  i n t e r p r e t a t i o n  of f l i g h t  data, a s y s t e m  w i t h  f i x e d  g a i n  
and perhaps  a log ( d B )  ou tpu t  t r a n s f e r  f u n c t i o n  t o  t h e  d i s p l a y  
appears desirable .  

The r e s u l t s  which fo l low r e p r e s e n t  the  a n a l y s i s  o f  
data o b t a i n e d  from the  Marsha l l  Space F l i g h t  C e n t e r  and t h e  
Manned S p a c e c r a f t  Cen te r  i n  the form o f  dubbed tape r e c o r d i n g s  
of t h e  f l i g h t  t e l e m e t r y  data .  As t h e  t r a n s d u c e r s  and te lemetry 
system can  i n t r o d u c e  s p u r i o u s  components i n  t h e  data, c a u t i o n  i s  
r e q u i r e d  i n  i n t e r p r e t a t i o n  of t h e  r e s u l t s .  Consequent ly ,  i n  
d i s c u s s i n g  t h e  r e s u l t s  which f o l l o w ,  a t t e n t i o n  w i l l  b e  l i m i t e d  
t o  prominent  spec t rum f e a t u r e s  which d e f i n i t e l y  appear t o  b e  
f l i g h t  r e l a t e d  because  of t h e i r  dynamic b e h a v i o r ,  o r  t h e i r  
appearance  i n  s e v e r a l  independent  measurements.  It shou ld  b e  
emphasized t ha t  these r e s u l t s  are raw da ta ,  s u b j e c t  t o  s c reen -  
i n g  f o r  v a l i d i t y  and s i g n i f i c a n c e ,  

2 . 1  LAUNCH VEHICLE DATA 

2 - 1.1 T h r u s t  Chamber P res su re  

F i g u r e  2 shows t h e  spec t rum o f  t h e  t h r u s t  chamber 
p r e s s u r e  s i g n a l  f rom eng ine  #5  ( t h e  c e n t e r  e n g i n e )  o f  t h e  S-IC 
stage of  Apollo 6 from l i f t o f f  t o  c u t o f f .  T h i s  measurement was 
des igned  and s c a l e d  t o  r eco rd  t h e  steady-state t h r u s t  p r e s s u r e  
l e v e l ,  which Fs abou t  1 1 0 0  pounds p e r  s q u a r e  i n c h ,  and t h e  
a n a l y s i s  i s  look ing  a t  t h e  f l u c t u a t i o n  component on t h i s  s i g n a l ,  
which i s  i n  t h e  r a n g e  of  20 p s i a  peak t o  peak, o r  more t h a n  
30 d e c i b e l s  below t h e  normal d e v i a t i o n  of  t h e  te lemetry channe l .  
A t  t h i s  l e v e l ,  s p u r i o u s  s i g n a l s  f rom e l e c t r i c a l  n o i s e  are  q u i t e  
p o s s i b l e  and a t t e n t i o n  i s  t h e r e f o r e  d i r e c t e d  o n l y  t o  t h e  fo l low-  
i n g  prominent  f e a t u r e s  of  t h e  spectrum: 

2 A .  A component i n  t h e  0-2 h e r t z  r e g i o n  throughout  t h e  

2B. A component at  ~5 h e r t z  between 110-140 seconds ( P O G O ) .  

f l i g h t .  

2C. A b road  spec t rum peak ( p a r t i a l l y  suppres sed  by au to -  
m a t i c  g a i n  c o n t r o l )  around 25 h e r t z  a t  l i f t o f f ,  and 
d ropp ing  t o  about  22  h e r t z  d u r i n g  t h e  f l i g h t .  
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2D. A prominent component at about 40 hertz, unstable 
in frequency, which decreases in bandwidth during 
flight, and appears to make a step frequency shift 
to 35 hertz at about 120 seconds. 

Figure 3 shows the entire set of these measurements 
for the five engines o f  Apollo 4 and Apollo 6 .  Note that: 

3A. The 0-2 hertz energy appears in similar fashion on 
all engines of both flights. 

3B. There is no evidence of systematic energy in the 
5 hertz region on Apollo 4, but it is seen on all 
engines of Apollo 6 during the 120-140 second 
period. 

3C. There is a prominent spectral peak in the 30-35 
hertz region on all control engines of both flights. 
However, there are engine-to-engine differences in 
the character of the components, with Apollo 6 
showing a systematic tendency to be more prominent, 
somewhat higher in frequency, less stable, and to 
decrease in frequency during flight. 

3D. The center engines (#5) on Apollo 4 and Apollo 6 
show components in the 35-40 hertz region, but on 
Apollo 6 this zonpcnent is m@re prominent and exhibits 
the unique discontinuity at about 120 seconds, as 
mentioned under 2D above. 

3E. All engines of Apollo 4 show a prominent component 
at about 50 hertz at liftoff, rising to about 
60 hertz at 70 seconds. Similar, but less stable 
components are evident in some of the engines of 
Apollo 6. 

2.1.2 Gimbal Block Vibration 

Figure 4 shows the spectrum of the #5 engine gimbal 

4 A .  A component at = 4  hertz in the 5-15 second time period, 
which can be interpolated to reappear prominently, 
with an upward frequency shift, in the 100-145 
second period ( P O G O ) .  

block vibration on Apollo 6. Features of interest are: 
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4B. Prominent energy  i n  t h e  16-20 h e r t z  r e g i o n  th roughou t  
t h e  f l i g h t ,  e x h i b i t i n g  a n  upward t r e n d  i n  t h e  0-65 
second t i m e  p e r i o d ,  t h e n  s h i f t i n g  downward and 
r e p e a t i n g  t h e  upward t r e n d .  T h i s  f e a t u r e  was n o t  
s e e n  i n  t h e  t h r u s t  chamber p r e s s u r e  spec t rum,  and may 
i n d i c a t e  a s t r u c t u r a l  r e sonance .  

4C. A prominent component i n  t h e  38-40 h e r t z  r e g i o n ,  o f  
narrow bandwidth,  which i n  t h e  ea r ly  p a r t  o f  t h e  
f l i g h t  does no t  c o r r e l a t e  i n  d e t a i l  w i t h  t h e  similar 
component s e e n  i n  t h e  t h r u s t  chamber p r e s s u r e  spec t rum 
of  t h a t  eng ine ,  b u t  does  c o r r e l a t e  c l o s e l y  toward t h e  
end,  and e x h i b i t s  e x a c t l y  t h e  same s t e p  s h i f t  i n  
f requency  a t  about  120 seconds .  It may b e  c o n j e c t u r e d  
t h a t  t h i s  i n d i c a t e s  a s t r u c t u r a l  r e sonance  e x c i t e d  by 
t h e  composi te  energy of t h e  f i v e  e n g i n e s  i n  t h i s  band. 

4D. A component a t  about  50 h e r t z  a t  l i f t o f f ,  r i s i n g  t o  
abou t  60 h e r t z  a t  70 seconds ,  and c o r r e l a t i n g  c l o s e l y  
w i t h  3E i n  t h e  t h r u s t  chamber p r e s s u r e  s p e c t r a .  

F i g u r e  5 shows f o r  comparison the  gimbal  b l o c k  v i b r a -  
t i o n  s i g n a t u r e s  of Apollo 4 and Apollo 6 ,  ana lyzed  ove r  t h e  
f r equency  r ange  o f  0 t o  50 h e r t z  and d i s p l a y e d  w i t h  a compressed 
t i m e  dimension which i n c r e a s e s  t h e  s l o p e  of  f r equency  s h i f t s  
and t h u s  f a c i l i t a t e s  r e c o g n i t i o n  of t ime-vary ing  f e a t u r e s .  

The lower d i s p l a y  of  F i g u r e  5 i s  t h e  same Apollo 6 

d i f f e r e n c e  i n  appearance ,  i n s p e c t i o n  w i l l  con f i rm t h a t  t h e y  
show t h e  same spec t rum features.  The c e n t e r  d i s p l a y  of 
F i g u r e  5 i s  t h e  cor responding  g imbal  b lock  v i b r a t i o n  spec t rum 
f rom Apollo 4 ,  and t h e  upper d i s p l a y  i s  t h e  spec t rum from t h e  
e n g i n e  #1 gimbal  b l o c k  of  Apollo 4 .  
was d e f e c t i v e .  The p r i n c i p a l  f e a t u r e s  s e e n  i n  comparison o f  
these measurements a r e :  

g i r r i u a i  i;liock sigl;al ~ 2 3  seer: ir: F '4n l rp  -0-- 4, q n d  d e s p j t e  t h e  

I t s  c o u n t e r p a r t  on Apollo 6 

5A. I n  t h e  5-6 h e r t z  r e g i o n ,  t he  gimbal  b l o c k  v i b r a t i o n  
s p e c t r a  of  Apollo 4 and Apollo 6 were remarkably  
a l ike  d u r i n g  the  llPOGO1t time p e r i o d ,  and a s imilar  
component was seen  i n  t h e  Apollo 4 measurements 
d u r i n g  t h e  ear ly  p a r t  of  t h e  f l i g h t .  

5B. Apollo 4 and Apollo 6 showed ve ry  s imilar  b e h a v i o r  
i n  t h e  16-18 h e r t z  r e g i o n .  

5 C .  I n  t h e  35-40 h e r t z  r e g i o n ,  Apollo 4 and Apollo 6 
showed similar s p e c t r a l  components, b u t  o n l y  Apollo 6 
e x h i b i t e d  the  s t e p  d i s c o n t i n u i t y  a t  1 2 0  seconds .  
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2 . 1 . 3  s-IC-6 S t a t i c  F i r i n g  

F i g u r e  6 th rough  F igure  10  show f o r  each  o f  t h e  eng ines  
of s-IC-6 t h e  s p e c t r a  of t h e  f u e l  pump i n l e t  p r e s s u r e ,  LOX pump 
i n l e t  p r e s s u r e ,  and t h r u s t  chamber p r e s s u r e  d u r i n g  t h e  s t a t i c  
f i r i n g  of t ha t  s t a g e .  The  p r i n c i p a l  i n d i c a t i o n s f r o m  t h i s  se t  o f  
measurements are:  

A .  There are s i g n i f i c a n t  engine- to-engine d i f f e r e n c e s .  

B. Major components a r e  s e e n  a t  =12 h e r t z  ( e n g i n e s  1, 3 
and 5 )  30-35 h e r t z  ( s t r o n g  on e n g i n e s  2 and 4 ,  weak 
on 1 and 3 ) .  

C .  The f r equency  s t a b i l i t y  and bandwidth of  t h e  30-35 
h e r t z  components on e n g i n e s  2 and 4 are s imilar  i n  
c h a r a c t e r  t o  t h o s e  s e e n  i n  t he  Apollo 4 and Apollo 6 
t h r u s t  chamber p r e s s u r e  s p e c t r a .  

D.  There i s  high c o r r e l a t i o n  between t h e  s p e c t r a  of  t h e  
t h r u s t  chamber p r e s s u r e ,  f u e l  and LOX i n l e t  p r e s s u r e s .  

2 . 2  SPACECRAFT DATA 

F i g u r e  11 i s  the  spectrum of t h e  Y-axiBtower  a c c e l e r -  
a t i o n  on Apollo 6 .  Prominent f e a t u r e s  a re :  

1 1 A .  A 2-3 h e r t z  l a t e r a l  o s c i l l a t i o n  th roughou t  t h e  e n t i r e  
f l i g h t .  

1 1 B .  A 5-6 h e r t z  "POGO" d u r i n g  t h e  110-130 second t i m e  
p e r i o d .  

11C. Broadband energy  i n  t h e  8-15 h e r t z  r e g i o n  th rough  
t h e  ea r ly  p a r t  of t h e  f l i g h t .  

11D. Broadband energy  i n  t h e  35 h e r t z  r e g i o n  from l i f t o f f  
t o  about  T+110 seconds.  T h i s  i s  l o o s e l y  c o r r e l a t e d  
w i t h  energy  s e e n  i n  t he  t h r u s t  chamber p r e s s u r e  and 
gimbal  b l o c k  s p e c t r a ,  and cou ld  i n d i c a t e  p r o p a g a t i o n  
of  t h i s  energy through t h e  v e h i c l e .  

F i g u r e  1 2  i s  the  spec t rum o f  t h e  Z-axis"acce1era t ion  
a t  t h e  command module on Apollo 6 .  Prominent f e a t u r e s  a r e :  

1 2 A .  2-3 h e r t z  energy ,  p e r i o d i c a l l y  v a r y i n g  i n  l e v e l  
t h rough  t h e  f l i g h t .  

12B. 5-6 h e r t z  energy ,  p e r i o d i c a l l y  v a r y i n g  i n  l e v e l ,  and 
d r i f t i n g  downward i n  f r equency  th roughou t  t h e  f l i g h t .  - 

X = l o n g i t u d i n a l ,  Y=yaw, Z=pi tch .  
I n  a l l  measurements,  t h e  a x i s  n o t a t i o n s  a r e :  
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12C.  5-6 h e r t z  energy appea r ing  a t  = ~ t 1 0 8  seconds ,  and 
ending  a t  = T t 1 4 0  seconds ,  w i t h  a d i s t i n c t  upward 
f requency  s h i f t  d u r i n g  t h i s  p e r i o d ,  such  tha t  i t  
i s  c o i n c i d e n t  w i t h  12B a t  about  T+125 seconds .  

12D. s i 6  h e r t z  energy ,  v a r y i n g  i n  l e v e l ,  a t  times d u r i n g  
t h e  f l i g h t .  

1 2 E .  Broadband energy i n  t h e  22-25 h e r t z  r e g i o n  from 

12F.  Narrowband f r equency- s t ab le  energy  a t  a 4 4  h e r t z  

l i f t o f f  t o  about  Tt70 seconds .  

f rom l i f t o f f  t o  about  T+30 seconds .  

12G. Narrowband f r equency- s t ab le  energy  a t  -62 h e r t z  from 
l i f t o f f  t o  about  T t 4 0  seconds .  

The f requency  s t a b i l i t y  of  12F and 1 2 G  leads t o  t h e  s u s p i c i o n  
tha t  t h e y  may not  b e  v i b r a t i o n  components. 

F i g u r e  1 3  i s  t h e  spectrum of  t h e  a x i a l  a c c e l e r a t i o n  
on t h e  command module sway b race  i n  Apollo 6 .  Prominent f e a t u r e s  
are : 

l 3 A .  A 5-6 h e r t z  component ( s u p p r e s s e d  by au tomat i c  g a i n  
c o n t r o l  i n  the 35 t o  75 second t i m e  p e r i o d )  which 
i n c r e a s e s  i n  f requency  d u r i n g  f l i g h t ,  and e x h i b i t s  
many harmonics ,  w i t h  emphasis on t h e  odd ser ies ,  i n  

5-6 h e r t z  component c o n t i n u e s  t o  the  end of t h e  bu rn ,  
b u t  a b r u p t  changes a r e  s e e n  i n  t he  harmonic s e r i e s  a t  
abou t  128  seconds ,  and a t  =134 seconds ,  i n d i c a t i n g  
l a r g e  changes i n  t h e  wave form o f  t h i s  s p e c t r a l  com- 
ponent  a t  t h o s e  times. 

f i rs t  30 seconds  o f  f l i g h t .  

&L- U l l G  i n n  I W U  t o  13c ~ e c s ~ d  t i m e  nerfnrl r------ T h e  f i i n d a r n ~ n t a l  

13B.  An u n s t a b l e  component a t  about  1 0  h e r t z  d u r i n g  t h e  

13CkD. Broad bands of energy  a t  abou t  2 5  and 35 h e r t z  
from l i f t o f f  t o  about  T+100 seconds .  

F i g u r e  1 4  i s  t h e  spectrum of  t h e  a x i a l  a c c e l e r a t i o n  
on  t h e  command module sway b r a c e  on Apollo 4 and i s  d i r e c t l y  
comparable  w i t h  F i g u r e  13 ,  t h e  co r re spond ing  measurement on 
Apol lo  6 .  The prominent  f e a t u r e s  A ,  B ,  C and D of t h i s  measure- 
ment on Apol lo  4 are e s s e n t i a l l y  i d e n t i c a l  w i t h  t h o s e  of 
Apo l lo  6 ,  w i t h  the  e x c e p t i o n  t h a t  on Apollo 4 ,  a lower  number of  
harmonics  o f  t h e  5-6 h e r t z  component were s e e n ,  and t h e  broad  
bands o f  energy ,  C and D ,  were s l i g h t l y  h i g h e r  i n  f requency  on 
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Apollo 4 t h a n  on Apollo 6 .  
of these command module measurements on t h e  two f l i g h t s i s  s t r i k i n g .  

The s i m i l a r i t y  of t h e  dynamic b e h a v i o r  

F i g u r e  1 5  i s  t h e  spectrum of t h e  Y-axis a c c e l e r a t i o n  
of  LTA-2R on Apollo 6 .  The p r i n c i p a l  f e a t u r e s  are: 

l5A. A 5-6 h e r t z  component which p e r i o d i c a l l y  v a r i e s  i n  
l e v e l  d u r i n g  t h e  f l i g h t ,  and d u r i n g  t h e  100-130 second 
t i m e  p e r i o d ,  i n c r e a s e s  i n  l e v e l  and shows a number of  
harmonics .  Note t h a t  t h i s  component i s  n o t  e v i d e n t  
a f t e r  about  Tt130 seconds.  

l5B. Some ~ 1 2  h e r t z  energy i n  t h e  10-20 second t i m e  p e r i o d .  

15C. A broad band of  energy around 30 h e r t z ,  most e v i d e n t  
i n  t h e  50-100 second t i m e  p e r i o d .  

15D. Some energy a t  e58 h e r t z  a t  l i f t o f f ,  r e a p p e a r i n g  a t  
d e c r e a s i n g  l e v e l ,  and i n c r e a s i n g  i n  f r equency  i n  t h e  
f i r s t  half  of  t h e  f l i g h t .  

F i g u r e  1 6  i s  t h e  spectrum of  t h e  Z-axis a c c e l e r a t i o n  of  
LTA-2R on Apollo 6 .  The prominent f e a t u r e s  are:  

1 6 ~ .  =2-1/2 h e r t z  energy i n  t h e  90-115 second t i m e  p e r i o d .  

16~. A 5-6 h e r t z  componer,t which i s  e v i d e n t  th roughout  t h e  
f l i g 5 t ,  with a Drogres s ive  downward s h i f t  i n  f r equency ,  
and i n  t h e  110-135 second t i m e  pei'ied is eF'T\?PPntly 
c r o s s e d  by a component w i t h  an  upward f requency  s h i f t .  
It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h i s  component i n  t h e  
LTA-2R i s  d e c r e a s i n g  i n  f requency  d u r i n g  t h e  f l i g h t ,  
w h i l e  command module component 13A i s  i n c r e a s i n g  i n  
f r equency ,  and t h e s e  appear t o  c o i n c i d e  i n  f requency  
a t  about  T t l 2 5  seconds ,  which co r re sponds  t o  t h e  
maximum llPOGO1l on t h e  Apollo 6 f l i g h t .  

F i g u r e s  17 and 1 8  are the  s p e c t r a  of  a s e t  of cor respond-  
i n g  LTA measurements on Apollo 4 and Apollo 6 ,  d i s p l a y e d  w i t h  
compressed t i m e  s c a l e s  t o  f a c i l i t a t e  comparisons.  I n  t he  5-7 
h e r t z  r e g i o n ,  t h e s e  show c l e a r l y  t h e  p resence  of two components - 
one  i n c r e a s i n g  i n  f requency ,  and t h e  o t h e r  d e c r e a s i n g ,  i n  b o t h  
Apol lo  4 and Apollo 6 .  Harmonics appear a t  t he  t i m e  these com- 
ponen t s  c o i n c i d e  i n  f requency ,  and i n  a l l  t h e  expanded t i m e  s c a l e  
d i s p l a y s  t h i s  was s e e n  t o  cor respond t o  t h e  p e r i o d  of  maximum 
l e v e l .  C a r e f u l  comparison shows t h e  upward - sh i f t i ng  components 
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on Apollo 4 and Apol lo  6 t o  be s u b s t a n t i a l l y  i d e n t i c a l  b u t  t he  
downward-shif t ing component t o  be  a b o u t  one h e r t z  h i g h e r  i n  
f requency  on Apollo 6 t h a n  on Apol lo  4 .  
t h i s  d i f f e r e n c e  i s  n o t  known, b u t  may w a r r a n t  i n v e s t i g a t i o n ,  as 
i t  s u g g e s t s  d i f f e r e n c e s  i n  payload dynamics which may r e l a t e  t o  
POGO. 

The s i g n i f i c a n c e  of 

F i g u r e  19 shows t h e  s p e c t r a  of  s e v e r a l  s p a c e c r a f t  
measurements from Apollo 6 ,  u s ing  t h e  compressed t ime s c a l e .  
The p r i n c i p a l  f e a t u r e s  are: 

I g A .  2-1/2 h e r t z  energy i s  s e e n  th roughou t  t h e  f l i g h t  on 
t h e  Y-axis and Z-axis of t h e  tower .  

I g B .  The 5-6 hertz"POG0" component i s  e v i d e n t  i n  a l l  
measurements. 

1gC. Broadband energy  a t  a8 h e r t z  i s  e v i d e n t  on t h e  tower.  

l g D .  Prominent components are s e e n  on t h e  tower i n  t h e  
30-35 h e r t z  r e g i o n  from l i f t o f f  t o  about  T t 1 0 0  seconds ,  
and these  are  similar i n  c h a r a c t e r  t o  components s e e n  
i n  the  launch  v e h i c l e  t h r u s t  chamber p r e s s u r e  s p e c t r a  
i n  t h i s  f requency  r e g i o n .  

3 .0  SUMMARY 

The r e s u l t s  ob ta ined  from con t lnuous  spec t i 'uz  x z l y s i s  
of t h e  s e l e c t e d  f l i g h t  measurements of Apollo 4 and Apollo 6 
i l l u s t r a t e  t he  u s e  of t h i s  t e c h n i q u e  t o  p o r t r a y  the  t i m e  h i s t o r y  
o f  a dynamic p r o c e s s ,  and provide  some i n t e r e s t i n g  b u t  uneva lua ted  
i n d i c a t i o n s  o f  Apollo 4 and Apol lo  6 performance.  The i n d i c a t i o n s  
o f  p r i n c i p a l  i n t e r e s t  are: 

( a )  The t h r u s t  chamber p r e s s u r e  s p e c t r a  showed the  5-6 h e r t z  
(POGO)  component i n  Apollo 6 ,  b u t  no t  i n  Apollo 4 .  Both 
Apollo 4 and Apollo 6 had prominent  35-40 h e r t z  com- 
ponen t s  on a l l  eng ines .  

Apollo 6 t o  have ve ry  s imilar  dynamic b e h a v i o r  i n  t h e  
5-6 h e r t z  ( P O G O )  r e g i o n ,  i n  t he  16-20 h e r t z  r e g i o n ,  
and i n  t h e  35-40 h e r t z  r e g i o n .  The 16-20 h e r t z  com- 
ponent  i n  t h e  gimbal b l o c k  s p e c t r a  was n o t  e v i d e n t  i n  
t h r u s t  chamber p r e s s u r e .  

( b )  The g imbal  b l o c k  v i b r a t i o n  s p e c t r a  showed Apollo 4 and 



BELLCOMM. INC. - 10 - 

( c )  The S-IC-6 s t a t i c  f i r i n g  data  show, t h e  f u e l ,  LOX,, 
and t h r u s t  chamber p r e s s u r e  s p e c t r a  t o  be h i g h l y  
c o r r e l a t e d .  No energy peaks were found i n  t h e  5-6 
h e r t z  ( P O G O )  r e g i o n ,  b u t  t h i s  may n o t  b e  s u r p r i s i n g ,  
as t h e  stage i s  r e s t r a i n e d  i n  t h e  f i r i n g .  Major 
components were seen  i n  t h e  1 2  h e r t z  and 30-35 h e r t z  
r e g i o n ,  and t h e  l a t t e r  components resembled t h o s e  
s e e n  i n  t h e  Apollo 4 and Apollo 6 f l i g h t  measurements 

( d )  The most s t r i k i n g  anomalous i n d i c a t i o n  was t h e  s t e p  
d i s c o n t i n u i t y  i n  t h e  t h r u s t  chamber p r e s s u r e  and 
gimbal  b l o c k  s p e c t r a  of  eng ine  #5 of  Apollo 6 a t  
about  T+120 seconds.  ( T h i s  has been c a l l e d  t o  t he  
a t t e n t i o n  of  Boeing, who s u b s t a n t i a t e d  i t  by  ccnven- 
t i o n a l  power spectrum d e n s i t y  p l o t s  cove r ing  tha t  
t i m e  p e r i o d . )  

( e )  I n  t h e  payload  measurements of Apollo 4 and Apollo 6 ,  
g e n e r a l l y  s imilar  t ime h i s t o r i e s  of  dynamic r e sponse  
were seen .  I n  both  f l i g h t s ,  i n  the  5-7 h e r t z  r e g i o n ,  
a descending-frequency component was prominent i n  
t h e  LTA, and an  ascending-frequency component was 
prominent i n  t he  command module. The descending-  
f requency  component was s l i g h t l y  h ighe r  i n  f requency  
on Apollo 6 t h a n  on Apollo 4 .  The t ime of  maximum 
llPOGO1l on Apollo 6 cor responds  t o  t h e  t i m e  of  
f requency  co inc idence  of t hese  components. 

( f )  On Apollo 6,  t h e  5-6 h e r t z  component i s  e v i a e n t  
i n  t h e  LTA Z-axis spect.rum throughout  t h e  f l i g h t ,  
b u t  on the LTA Y-axis i t  c e a s e s  t o  b e  appa ren t  a t  
about  t h e  t i m e  of t h e  134 second e v e n t ,  s u g g e s t i n g  
a marked change i n  Y-axis coup l ing  t o  t h e  v e h i c l e  
a t  t h a t  t i m e .  

The p r e l i m i n a r y  r e s u l t s  of  t h i s  work have been p r e s e n t e d  
t o  r e p r e s e n t a t i v e s  of MSFC and MSC t o  p e r m i t  t h e i r  assessment  o f  
t h e  u s e f u l n e s s  of  t h e  technique .  I f  t h e  i n d i c a t i o n s  from t h e  
p r e s e n t  work appea r  promising,  a d d i t i o n a l  data  from Apollo 4 ,  
Apol lo  6 ,  and from s e l e c t e d  s t a t i c  f i r i n g s  and t e s t s  appear  t o  
be  c a n d i d a t e s  f o r  a n a l y s i s ,  The Cen te r s  cou ld ,  i f  des i r ed ,  
q u i c k l y  es tab l i sh  an  in-house c a p a b i l i t y  t o  do t h i s  on a con- 
t i n u i n g  basis,  by making u s e  of a n  assembly of commercially 
available s i g n a l  p r o c e s s o r s  and d i s p l a y  d e v i c e s .  We have 
offered t o  p r o v i d e  a s s i s t a n c e  t o  them i n  the  d e f i n i t i o n  and 
assembly of a s u i t a b l e  system i f  des i r ed .  
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